We study the effect of oxygen-doping on the critical temperature, T c , the vortex matter phase diagram and the nature of the coupling mechanism between the Cu-O layers in the three-layer Bi 2 Sr 2 Ca 2 Cu 3 O 10+δ (Bi-2223) compound. Contrary to previous reports, in the overdoped (OD) regime we do find a variation of T c with increasing the oxygen partial-pressure of the postannealing treatment. This variation is less significant than in the bi-layer parental compound Bi 2 Sr 2 CaCu 2 O 10+δ (Bi-2212) and does not follow the universal T c vs. δ relation. Magnetic measurements reveal that increasing δ enlarges the field and temperature stability of the Bragg glass phase. These findings imply that the interlayer coupling between Cu-O layers enhances with δ. The anisotropy parameter estimated from directional first-penetration field measurements monotonously decreases from 50 in the underdoped (UD) to 15 in the OD regimes. However, the in-plane penetration depth presents a boomerang-like behaviour with δ, reaching its minimum value close to optimal doping. These two facts lead to a crossover from a Josephson(OD) to electromagnetic(UD)-dominated coupling of adjacent Cu-O layers in the vicinity of optimal doping.
Introduction
Understanding the extremely anisotropic electronic and magnetic properties of layered cuprates requires to unveil the nature of the coupling mechanism between the superconducting Cu-O layers. In these materials these layers are composed of a stack of Cu-O planes.
The interlayer coupling between adjacent Cu-O layers is produced by Josephson tunnelling and by electromagnetic interactions between the supercurrents lying in the layers [1, 2] .
The family of Bi-based compounds presents a weak interlayer coupling between the Cu-O layers [3] resulting in both terms being comparable. The possibility of the electromagnetic interaction being dominant over the Josephson one was thoroughly studied [3, 4, 5] for the bi-layer Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) compound which presents one of the weakest interlayer coupling among cuprates [3] . In this work we address this issue in the less studied three-layer Bi 2 Sr 2 Ca 2 Cu 3 O 10+δ (Bi-2223) material by tuning the oxygen concentration in a single sample. Such studies in this compound are lacking due to the difficulty in obtaining pure and high-quality macroscopic crystals [6] for reliable magnetic measurements. This compound presents the highest critical temperature at optimal doping (OPT) among the Bi-based cuprates, T OPT c = 110.5 K.
The crystal structure of Bi-2223 is composed of insulating (blocking) layers intercalating in the c-axis direction with superconducting Cu-O layers. The spacing between the layers, formed by three Cu-O planes, is s = 18Å for optimally-doped samples [7] . The interlayer coupling is inversely proportional to the electronic anisotropy, γ = m c /m ab , given by the ratio between the effective masses in the c-axis and in the ab-plane [1] . As mentioned, this coupling is produced by two different mechanisms. The first, the Josephson coupling, consists of the hole-tunnelling from one Cu-O layer to the adjacent, through the blocking layer. This mechanism is dominant when sγ < λ ab (0) [2] , where λ ab (0) is the in-plane penetration depth.
The second mechanism arises from the electromagnetic interaction between the supercurrents located in adjacent Cu-O layers and is, on the contrary, dominant when sγ > λ ab (0) [2] .
The relevance of these two mechanisms depends on the hole-carrier concentration and on the degree of charge-transfer between the Cu-O layers. One way to modify these magnitudes is to over-dope (OD) or under-dope (UD) with respect to the optimal oxygen content (δ = δ OP T ).
Extra oxygen atoms will occupy vacancies in the blocking layers.
Oxygen-doping produces quantitative changes in the vortex phase diagram. Flux lines in the extremely anisotropic Bi-based cuprates are composed of a stack of poorly-coupled pancake vortices located in the Cu-O layers [1] . This weak coupling leads to the liquid vortex phase spanning a considerable fraction of the H − T phase diagram [8] . On cooling at low magnetic fields vortex matter undergoes a first-order solidification transition at T m [8, 9] . On further cooling the vortex magnetic response becomes irreversible since pinning sets-in at a temperature T IL (H) T m (H), the so-called irreversibility line. The phase stable at low temperatures, the Bragg glass [10, 11] , exhibits quasi-crystalline order. With increasing magnetic field the vortex structure transforms into a topologically disordered glass [12] through a first-order phase transition known as the second-peak line, H SP [13, 14] .
The vortex glass melts with increasing temperature through a second-order phase transition [15] . In the case of Bi-2212, the Bragg glass phase spans up to higher temperatures and fields with increasing oxygen concentration [5, 14, 16] , which is consistent with a decrease of γ with δ. Introducing extra oxygen atoms also affects the pinning potential landscape [17] Nevertheless, changes in the vortex phase diagram provide information on the evolution of the interlayer coupling with doping. In this work we report on the doping-dependence of the critical current density, J c (T, H), and on the evolution of H SP (T ), H IL (T ), and T 0D (H), the zero-dimensional pinning temperature at which pancake vortices of every Cu-O layer are individually pinned. We find that changes in the oxygen-doping level of Bi-2223 affect the vortex phase diagram in a similar manner than in Bi-2212. However, since Bi-2223 is three times less anisotropic than Bi-2212, significant differences are also detected.
In the case of the bi-layer compound, increasing the oxygen concentration results in a monotonous reduction of γ [3, 5] , and of the c-axis lattice parameter [5] , and consequently s. However, λ ab (0) evolves in a non-monotonous way with δ, being minimum in the slightly OD regime [4, 5, 18, 19] . Therefore, given that in Bi-based compounds sγ ∼ λ ab , a crossover from electromagnetic to Josephson-dominated coupling is quite likely when decreasing δ.
Evidence of this crossover was indeed reported in the case of Bi-2212 [5] . Nevertheless, as the anisotropy of Bi-2223 is smaller than that of Bi-2212, in the three-layer compound the Josephson coupling might be dominant in a wider δ region. In this work we address the question whether a crossover from Josephson to electromagnetic coupling is plausible in Bi-2223. We find that when decreasing δ, on top of increasing the magnitude of the electronic anisotropy, this crossover takes place in the vicinity of optimal doping.
Crystal-growth and oxygen-doping
Bi-2223 and Bi-2212 crystals were grown by means of the travelling-solvent floatingzone method as described in Ref. [6] . The structural and superconducting properties of the crystals used in this work are reported in Refs. [7, 20] . X-Ray diffraction measurements have revealed the phase purity and the high crystalline order of our samples. In the case of the Bi-2223 samples its quality has allowed the refinement of the crystal structure from single-crystal X-ray diffraction data [7] . Electrical resistivity and magnetic susceptibility [22] which report a T c vs. p(O 2 ) plateau in the OD regime. The authors [21, 22] claim that this plateau results from a different doping level of the inner and outer planes of the Cu-O layers, the inner being less doped [23] . This interpretation is based on a theoretical model that assumes a strong interlayer coupling [24] .
In spite of the inner and outer Cu-O planes having a different doping level [23] , other factors might be at the origin of the T c -plateau reported in Refs. [21, 22] . As a matter of fact, an inhomogeneous oxygen distribution throughout the sample can be responsible for an apparent insensitivity of T c to oxygen doping. An inhomogeneous oxygen distribution is also compatible with the detected decrease of the c-axis lattice parameter [21] and the enhancement of the vortex irreversibility field [22] with increasing δ. Crystals exhibiting a broader superconducting transition than ours, like the ones reported in Refs. [21, 22] adjusting the UD data with the universal T c vs. doping (p(O 2 )) relation [25, 26] does not fit the points in the OD regime. Seminal works on three-layer cuprates already reported that T c follows the universal law in the UD region [26, 28] . Our results in Bi-2223 confirm this and also indicate that in the OD regime of three-layer compounds the universal law [25, 26] is not fulfilled as in the case of single-and bi-layer cuprates. This phenomenology can be related to the different doping level of the outer and inner Cu-O planes.
Doping-dependence of the vortex phase diagram
As mentioned, to study the effect of hole-doping on the vortex phase diagram of Bi-2223 the oxygen content was tuned in the same sample. The results presented in this section correspond to doping levels in the UD (T c = (100 ± 2) K), OPT (T c = (110.5 ± 0.5) K) and
The vortex phase diagram was studied by means of bulk magnetic measurements using a Quantum-design SQUID magnetometer and a PPMS measurement system. In particular,
we report on the evolution of the irreversibility line, H IL (T), the order-disorder H SP (T) transition line, associated with a peak in the critical current [13, 14] ; and the zero-dimensional pinning line T 0D [29, 30] . These lines were obtained from magnetization vs. H IL (T ) with doping for the bi-layer compound [5] and data previously reported for Bi-2223 [22, 32] follow the same trend.
The enlargement of the solid vortex phase is consistent with an enhancement of the interlayer coupling by increasing oxygen concentration, and consequently a reduction of the anisotropy parameter. Theoretical studies indicate that the melting [33] and decoupling [34] lines shift towards higher temperatures as soon as a small Josephson coupling between the layers is considered on top of electromagnetic interactions. In the case of platelet-like samples, such as the ones studied in this work, for Bi-2212 at low fields the irreversibility coincides with the melting and decoupling lines [8, 30] . Therefore, the enhanced stability of the solid vortex phase shown in Fig. 3 can be associated with an increasingly relevant role of the Josephson coupling when raising the doping level. This is quite likely since sγ λ ab for the OPT regime of Bi-2223. This issue will be further discussed in the next section.
The transition line H SP (T ) is manifested as a peak-valley structure in M(H) curves, as evident in the magnetization loops of Fig. 2 (a) . We considered H SP (T ) to be the field at which M has an inflection point between the peak and the valley (indicated by arrows in the figure), averaging the values for the two branches of the loop. The phase diagram of Fig. 3 shows that the second-peak line is roughly temperature-independent, as also found in Bi-2212 [5, 14, 30] . Theoretical works considering the H SP (T ) line as an order-disorder phase transition between the low-field Bragg glass and the high-field vortex glass [11, 35] estimate H SP (T ) as the field where the elastic energy of the vortex structure equals the pinning energy. These two energy terms depend on the penetration depth, coherence length and anisotropy of the material, as well as on the pinning parameter [11] . Therefore, the temperature evolution of H SP is determined by the temperature dependence of λ ab and ξ ab [36] . Figure 3 shows that for the three doping levels studied H SP is detected only in the temperature range 0.2 T /T c 0.55. Considering the two-fluid expression for λ ab and ξ ab Therefore at temperatures T < T 0D the critical current should be field independent at low fields. This is a consequence of the c-axis Larkin correlation length,
[39], becoming smaller than the Cu-O layers spacing s [1]. In the last expression r p ∼ ξ is the typical pinning range and J 0 = 4cΦ 0 /12 √ 3πλ 2 ab ξ ab is the depairing current density. Therefore T 0D (T ) can be estimated as the temperature at which J c (T ) presents a kink and a steeper increase in the low-temperature region [38] . In this work we consider the same criterion to estimate T 0D .
The critical current is obtained from magnetization loops measured at different temperatures as the examples shown in Fig. 2 (a) . Considering the Bean model [40] , at a given temperature J c (T, H) ∼ (3c/2R)∆M(T, H), where ∆M(T, H) is the separation between the two branches of the magnetization loop at a field H, c is the speed of light and R is the radius of an equivalent cylindrical sample [40] . Figure 4 reveals that the critical current of Bi-2223 is one order of magnitude larger than that of Bi-2212 [38] at similar reduced temperatures and fields. From this figure it is also evident that at low temperatures the critical current is field-independent at low fields, which is a fingerprint of the individual pinning regime (either of flux lines or of individual pancakes). The insert of For every doping level the zero-dimensional-pinning line is roughly field-independent, as also found in Bi-2212 [5, 30] . Since T 0D is the temperature at which the individual pinning of pancake vortices sets in, then J c (T ) is almost field-independent for T ≤ T 0D . Therefore,
1/2 equals the Cu-O layers spacing at a temperature T 0D that is roughly field-independent. The location of T 0D is however doping dependent. The zerodimensional pinning line is placed at (18.5 ± 0.5) K for the UD, (24 ± 1) K for the OPT and (25 ± 1) K for the OD regimes. A study on the OPT and OD regime of Bi-2212 samples reports that T 0D does not significantly change with doping [38] . However, as the magnitude of J c (T 0D ) is in direct relation with T 0D (see Fig. 4) , if γ decreases then, in order to fulfill L c c = s, J c (T 0D ) and therefore T 0D have to increase. The difference between our results in Bi-2223 and those reported for Bi-2212 [38] might originate in the fact that in the latter study the anisotropy changes are of the order of 30% whereas in our case they are 5 times greater than this value (see the next section for detailed data in this respect). Therefore, an increment of the zero-dimensional temperature with doping is in agreement with the enhancement of interlayer coupling suggested by the doping evolution of H IL (T ) and H SP (T ).
One interesting result of the vortex phase diagrams shown in Fig. 3 is that for T < T 0D the order-disorder second peak line is no longer detected within our experimental resolution.
Similar findings were observed in Bi-2212 samples [30, 38] . The vortex glass phase located at H > H SP presents no vortex phase correlation in the c direction [30] , whereas the zerodimensional pinning region is correlated in the ab plane as well as in the perpendicular direction [38] . Therefore, the suppression of the vortex phase correlation along the c direction takes place only when L The boomerang-like dependence of λ ab (0) with oxygen concentration is shown in Fig. 5: it decreases from the UD towards the OPT region and then substantially increases in the OD regime. This non-monotonic evolution is in agreement with results obtained in other cuprates [4, 19, 44] . It was originally proposed that this decrease of the superfluid density in the OD regime results from a substantial pair breaking in spite of the normal-state carrier concentration increasing when overdoping [19] . However, Scanning Tunnelling Microscopy data on several cuprates are at odds with this interpretation since the superconducting quasiparticle peaks sharpen on increasing doping [43] . Therefore, the origin of this phenomenon remains still as an open question.
The anisotropy parameter is estimated from the first penetration field for H applied perpendicular and parallel to the Cu-O planes since within the London approximation γ =
. The values of H c1 were measured by aligning the sample with a home-made rotation system that reduces the misalignment uncertainty to ∼ 0.5
• . The effect of the We estimate a value of γ = (27 ± 3) for the optimally doped sample, smaller than previously reported [45] . It is important to point out that our estimation is a result of measuring the first critical field at various temperatures whereas in Ref. [45] it was estimated from measurements at a single temperature.
The same evolution of the anisotropy parameter with oxygen-doping was found for Bi- interaction. Although with our data the exact doping level at which this crossover takes place can not be accurately determined, it is evident that it occurs in the vicinity of the OPT regime.
I. CONCLUSIONS
We provide evidence that oxygen-doping in Bi-2223 crystals produces a non-negligible change of T c in the OD regime, in contrast to previous claims [21, 22] . The changes in
are non-symmetric with respect to optimal doping: in the OD regime they are greater than in the UD regime. Therefore, the evolution of T c in the OD regime of Bi-2223
does not follow the universal relation with δ as found in many single-and bi-layer cuprates [25, 26] .
Varying oxygen concentration affects the vortex matter phase diagram in a way that is consistent with an enhancement of the Cu-O interlayer coupling with increasing δ. Namely, the Bragg glass phase spans up to higher fields (H SP (T ) increases) and temperatures (T IL (H) and T 0D (H) increase) when overdoping. The evolution of H IL (T ) and H SP (T ) with doping is in agreement with results reported for the bi-layer parental compound [3, 5, 14] . In the case of the zero-dimensional pinning temperature we do detect an increase with δ contrary to reports on Bi-2212 [38] . This can be understood considering that in our work δ is varied in a much larger interval than in Ref. 38 . Phys. 66, 1125 (1994).
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